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Baryon asymmetry from left-right phase transition
Pei-Hong Gu∗
School of Physics and Astronomy, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China
We extend the standard model fermions by a mirror copy to realize a left-right symmetry. During
a strongly first order phase transition of the spontaneous left-right symmetry breaking, the CP-
violating reflections of the mirror fermions off the mirror Higgs bubbles can generate a mirror
lepton asymmetry and an equal mirror baryon asymmetry. We then can obtain an ordinary baryon
asymmetry through the mirror fermion decays where a dark matter scalar plays an essential role.
Benefitted from a parity symmetry for solving the strong CP problem, the cosmic baryon asymmetry
can be well described by the ordinary lepton mass matrices up to an overall factor. In this scenario,
the Dirac CP phase in the Majorana neutrino mass matrix can provide a unique source for the
required CP violation. Furthermore, the Higgs triplet for type-II seesaw as well as the first generation
of mirror charged fermions can be allowed at the TeV scale.
PACS numbers: 98.80.Cq, 14.60.Pq, 95.35.+d, 12.60.Cn, 12.60.Fr
I. INTRODUCTION
In order to understand the cosmic baryon asymmetry
[1], we need a dynamical baryogenesis mechanism. This
requires a CPT-invariant theory of particle interactions
should satisfy the Sakharov conditions [2]: (i) baryon
number nonconservation, (ii) C and CP violation, (iii)
departure from equilibrium. The standard model (SM)
fulfils all of these conditions and then accommodates an
electroweak baryogenesis mechanism [3, 4]. However,
the SM electroweak baryogenesis can only give a baryon
asymmetry far far below the observed value because
the Jarlskog determinant [5] suppresses the Kobayashi-
Maskawa (KM) CP violation [6] in the quark sector,
meanwhile, the Higgs boson mass exceeds the bound for
a strongly first order phase transition of the electroweak
symmetry breaking [7].
We need supplement the SM by new ingredients to re-
alize a successful baryogenesis mechanism. One of the
most attractive schemes is to consider a leptogenesis [8]
scenario, where some non-SM heavy particles decay to
generate a lepton asymmetry through their Yukawa [8],
scalar [9–11] or other interactions [12, 13], subsequently,
the sphaleron processes partially transfer the produced
lepton asymmetry to a baryon asymmetry. In some cases,
these heavy particles can be motivated by the famous
seesaw [14–17] mechanism for generating the small neu-
trino masses. Thus the leptogenesis in seesaw context can
unify the origin of the baryon asymmetry and the neu-
trino mass. In this conventional leptogenesis scenario,
we do not know much about the new fields. Conse-
quently we cannot get an exact relation between the cos-
mic baryon asymmetry and the neutrino mass matrix.
For example, we can expect a successful leptogenesis in
some seesaw models even if the neutrino mass matrix
does not contain any CP phases [18]. Alternatively, in
some mirror left-right [19–22] symmetric models, where
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every ordinary fermion including the SM fermions has a
mirror partner [12, 23–33], the leptogenesis can be real-
ized by the decays of the mirror neutrinos into the mir-
ror charged fermions and then the decays of the mirror
charged fermions into their ordinary partners with a dark
matter scalar [12, 27, 33]. Thanks to the parity symmetry
for solving the strong CP problem, this unconventional
leptogenesis can have a distinct dependence on the neu-
trino mass matrix.
It is possible to connect the baryon asymmetry and
the neutrino mass in other ways. An interesting attempt
is to consider the electroweak baryogenesis by the inter-
actions involving the neutrinos [34]. Although this at-
tempt failed in some simple models with heavy neutral
fermions [34, 35], it could succeed in a late neutrino mass
framework [36]. We can also consider a dark electroweak
baryogenesis scenario [37] where the Yukawa couplings
for the neutrino mass generation help to simultaneously
produce the baryonic and dark matter and hence solve
the baryonic-dark-matter coincidence problem and pre-
dict the dark matter mass. In this scenario, if we further
impose a proper mirror symmetry between the ordinary
and dark sectors, both the baryon asymmetry and the
dark matter-antimatter asymmetry can be well described
by the lepton mass matrices up to an overall factor, in
particular, the Dirac CP phase in the Majorana neutrino
mass matrix will be the unique source for the required
CP violation.
In this paper we shall apply the basic idea of elec-
troweak baryogenesis in a mirror left-right symmetric
model to explain the cosmic baryon asymmetry. For
this purpose, we shall introduce a mirror copy of the
SM fermions to construct the left-right symmetric frame-
work. We shall further assume a strongly first order
phase transition of the left-right symmetry breaking. The
CP-violating reflections of the mirror fermions off the
mirror Higgs bubbles then can generate a mirror lepton
asymmetry and an equal mirror baryon asymmetry. The
decays of the mirror fermions into their ordinary partners
and the dark matter scalar then can lead to an ordinary
baryon asymmetry. In the presence of a parity symmetry
2motivated by solving the strong CP problem, the cosmic
baryon asymmetry can be parametrized by the ordinary
lepton mass matrices up to an overall factor. Remark-
ably, the Dirac CP phase in the Majorana neutrino mass
matrix is the unique source for the required CP violation.
Furthermore, the Higgs triplet for type-II seesaw as well
as the first generation of mirror charged fermions could
be verified at the colliders since they are allowed at the
TeV scale.
II. THE MODEL
The scalars and fermions are classified in three parts:
an ordinary sector (OS), a mirror sector (MS) and a cross-
ing sector (CS), i.e.
OS : φ1(1, 2, 1,−1)(+,+) , φ2(1, 1, 2,−1)(+,+) ,
∆(1, 3, 1,+2)(+,+) , qL(3, 2, 1,+
1
3 )(−,+) ,
dR(3, 1, 1,− 23 )(−,+) , uR(3, 1, 1,+ 43 )(−,+) ,
lL(1, 2, 1,−1)(−,+) , eR(1, 1, 1,−2)(−,+) ;
MS : φ′1(1, 1, 2,−1)(+,+) , φ′2(1, 1, 2,−1)(+,+) ,
∆′(1, 1, 3,+2)(+,+) , q′R(3, 1, 2,+
1
3 )(+,−) ,
d′L(3, 1, 1,− 23 )(+,−) , u′L(3, 1, 1,+ 43 )(+,−) ,
l′R(1, 1, 2,−1)(+,−) , e′L(1, 1, 1,−2)(+,−) ;
CS : σ(1, 1, 1, 0)(−,−) , χ(1, 1, 1, 0)(+i,+i) . (1)
Here the first brackets following the fields describe the
transformation under an SU(3)c × SU(2)L × SU(2)R ×
U(1)X gauge symmetry, while the second brackets are a
Z4 × Z4 discrete symmetry.
It is easy to see the model can respect a discrete par-
ity symmetry. Accordingly, the SU(2)L,R gauge cou-
plings gL,R are identical, i.e. gL = gR = g, mean-
while, the U(1)X gauge coupling gX is determined, i.e.
gX = gg
′/
√
g2 − g′2 with g′ being the SM U(1)Y gauge
coupling. Furthermore, the allowed Yukawa interactions
should be
LY = −yd(q¯Lφ˜1dR+q¯Rφ˜′1d′L)−yu(q¯Lφ2uR+q¯′Rφ′2u′L)
−ye(l¯Lφ˜1eR+ l¯Rφ˜′1e′L)−
1
2
yν(l¯
c
Liτ2∆lL+ l¯
′c
Riτ2∆
′l′R)
−fdσd¯Rd′L−fuσu¯Ru′L−feσe¯Re′L +H.c.
with fd,u,e = f
†
d,u,e , yν = y
T
ν . (2)
As for the scalar potential, it can contain the following
cubic terms,
V ⊃ ρσχ2 + µijφTi iτ2∆φj + µ′ijφ′Ti iτ2∆′φ′j +H.c. . (3)
In the above we have assumed the fermions can only cou-
ple to one [SU(2)]-doublet scalar. This can be achieved
by a softly broken global or discrete symmetry which,
however, is not explicitly shown for simplicity.
The Z4×Z4 symmetry will not be broken at any scales.
This means the crossing scalars σ and χ should not obtain
any vacuum expectation values (VEVs). As for the other
ordinary and mirror scalars, their VEVs are denoted by
v1,2 = 〈φ1,2〉 , v∆ = 〈∆〉 ; v′1,2 = 〈φ′1,2〉 , v′∆ = 〈∆′〉 . (4)
We then expect the following linear combinations of the
Higgs doublets,
ϕ =
v1φ1 + v2φ2
v
with 〈ϕ〉 =
√
v21 + v
2
2 = v ,
ϕ′ =
v′1φ
′
1 + v
′
2φ
′
2
v′
with 〈ϕ′〉 =
√
v′21 + v
′2
2 = v
′ ,(5)
to respectively drive the left-right and electroweak gauge
symmetry breaking at two hierarchical scales. For exam-
ple, we expect v′2 > v
′
1 ≫ v2 > v1. This can be achieved
by spontaneously or softly breaking the discrete parity
symmetry. Furthermore, if the ordinary Higgs triplet ∆
is much heavier than the electroweak scale v, its VEV
v∆ can be highly suppressed in a natural way because of
the so-called type-II seesaw mechanism [38–42]. Alter-
natively, a TeV-scale Higgs triplet ∆ can acquire a tiny
VEV v∆ if its cubic couplings µij to the Higgs doublets
φ1,2 are small enough. In this case, the type-II seesaw can
be verified at the colliders such as the LHC [43]. Actually,
a small coupling µij may be understood by an additional
seesaw scheme [44, 45], where the lepton number is al-
lowed to be spontaneously broken near the electroweak
scale. The fashion is similar for the mirror Higgs triplet
∆′.
After the above symmetry breaking, the ordinary and
mirror fermions can obtain their Dirac or Majorana mass
matrices through the Yukawa couplings (2), i.e.
md = ydv1 ∝ m′d = ydv′1 , mu = yuv2 ∝ m′u = yuv′2 ;
me = yev1 ∝ m′e = yev′1 , mν = yνv∆ ∝ m′ν = yνv′∆ . (6)
Remarkably the above quark mass matrices can solve the
strong CP problem without introducing an axion [23–25].
Furthermore, the leptonic Yukawa couplings,
ye ≡ yˆe = {y¯e, y¯µ, y¯τ} ,
yν ≡ UPMNSyˆνUTPMNS = UPMNS{y¯1, y¯2, y¯3}UTPMNS , (7)
can be sizable, i.e.
y¯τ <
√
4pimτ
mb
, y¯e,µ =
y¯τme,µ
mτ
, y¯1,2,3 <
√
4pi . (8)
Here UPMNS = Udiag{eα1/2, eα2/2, 1} is the leptonic mix-
ing matrix and U contains a Dirac CP phase,
U=


c12c13 s12c13 s13e
−iδ
−s12c23−c12s23s13eiδ c12c23−s12s23s13eiδ s23c13
s12s23−c12c23s13eiδ −c12s23−s12c23s13eiδ c23c13

.
(9)
The crossing scalar σ is assumed heavier than the third
generation of mirror charged fermions. We may expect
3this heavy scalar to drive an inflation. The other cross-
ing scalar χ is lighter than the first generation of mirror
charged fermions so that it can keep stable to serve as a
dark mater particle. This dark matter scalar can mostly
annihilate into the SM fields through the Higgs portal in-
teraction [46]. Alternatively, it can mostly annihilate into
the TeV-scale Higgs triplet for the type-II seesaw. Such
leptophilic dark matter scalar could have some interest-
ing implications on the dark matter searches [47]. At the
same time, the scattering of the dark matter scalar off the
ordinary nucleons can arrive at a testable level through
the exchange of the SM Higgs boson [46, 47].
III. MIRROR LEPTON AND BARYON
NUMBER
Since the left-right symmetry has not been experimen-
tally observed yet, it should be broken before the elec-
troweak symmetry breaking. In addition, the phase tran-
sition during the left-right symmetry breaking is assumed
strongly first order. These requirements can be achieved
by properly choosing the parameters in the scalar poten-
tial. For simplicity the details will not be studied here.
During the left-right phase transition, the bubbles of
the true ground state of the mirror Higgs scalar ϕ′ will
nucleate and expand until they fill the universe. The left-
right symmetry is unbroken outside the bubbles whereas
broken inside the bubbles. Accordingly, the SU(2)R
sphaleron reactions can keep very fast outside the bubbles
though they are highly suppressed inside the bubbles. As
a mirror Higgs bubble expands, the mirror fermions from
the unbroken phase will be reflected off the bubble wall
back into the unbroken phase. If the CP is not con-
served, we can expect a difference between the reflection
probabilities for the mirror fermions and anti-fermions
with a given chirality. Due to the CPT conservation
and the unitary invariance, the asymmetry between the
reflected mirror left-handed fermions and anti-fermions
should be opposite to the asymmetry between the re-
flected mirror right-handed fermions and anti-fermions.
Furthermore, the thermal masses and hence the mo-
menta perpendicular to the bubble wall as well as the
distributions are different for the mirror left- and right-
handed fermions outside the bubbles. The reflected mir-
ror fermions can diffuse and participate in the SU(2)R
sphaleron reactions before the bubble wall catches up.
At the time the bubble wall catches up the reflected mir-
ror quarks(leptons), the SU(2)R sphaleron reactions have
partially transferred a net baryon(lepton) number inside
the bubbles, other than an opposite baryon(lepton) num-
ber outside the bubbles, to a lepton(baryon) number.
The final baryon(lepton) number thus should be a sum of
the unaffected baryon(lepton) number outside the bub-
bles and the survival baryon(lepton) number inside the
bubbles. This means the baryon asymmetry stored in the
mirror quarks must equal the lepton asymmetry stored
in the mirror leptons.
The above scenario is just an application of the SM
electroweak baryogenseis mechanism in our mirror sector.
We now check the lepton number from the reflection of
the mirror leptons and anti-leptons off the mirror Higgs
bubbles [48],
nrL′≃
∫
dω
2pi
n0(ω) [1− n0(ω)]
∆k · vW
T
∆(ω) +O(v2W ) .(10)
Here ω is the energy, n0(ω) = 1/(e
ω/T + 1) is the Fermi-
Dirac distribution, ∆k is the difference between the right
and left-handed mirror lepton momenta perpendicular to
the bubble wall, ∆(ω) is the reflection asymmetry be-
tween the mirror leptons and anti-leptons, and vW is
the advancing wall velocity. The reflected mirror lep-
tons and anti-leptons can diffuse before the bubble wall
catches up. The typical distance from the advancing bub-
ble wall to the reflected mirror leptons and anti-leptons is√
DL′t−vW t withDL′ being a diffusion constant [49, 50].
We have known in the SM, the strong interactions dom-
inate the quark diffusion constant DB′ ∼ 6/T while the
weak interactions dominate the lepton diffusion constant
DL′ ∼ 100/T [51, 52]. In our model, the Yukawa cou-
plings involving the mirror leptons can be larger than
the strong coupling and hence can dominate the lepton
diffusion. So we can simply estimate the lepton diffu-
sion constant DL′ ∼ cL′/T with 1 < cL′ . 6. Within
the time tD ∼ DL′/v2W , the SU(2)R sphalerons can par-
tially convert the lepton number nrL′ to a baryon number
nB′ . The remnant lepton number outside the bubbles
and the lepton number inside the bubbles can give a net
lepton number nL′ . By solving the diffusion equations,
the baryon and lepton numbers inside the expanded bub-
bles should be [49, 50],
nL′
s
=
nB′
s
∼ −9Γ
′
sph
T 3
DL′
v2W
nrL′
s
= −3
3g8RκcL′
27pi4v2W
nrL′
s
, (11)
where Γ′sph = 6κ
[
g2R/(4pi)
]4
T 4 is the SU(2)R sphaleron
rate per volume with κ ≃ 20 being a coefficient [53], while
s = 2pi2g∗T /45 is the one-dimensional entropy density
with g∗ ≃ 215.5 being the relativistic degrees of freedom.
We now consider the mirror symmetry in Eq. (2)
to quantitatively analyse the mirror lepton and baryon
numbers (11). The thermal masses of the related quasi-
particles can be denoted by Σ = Ω − γ0(2iγ) with
[51, 52, 54–56],
Ω2l′
R
=
T 2
8
(
3
4
g2R +
1
4
g2X +
1
2
yˆ2e +
3
4
U∗yˆ2νU
T
)
,
γl′
R
∼ T
32pi
(
9g2R + 6g
2
X +
1
2
yˆ2e +
3
4
U∗yˆ2νU
T
)
,
Ω2e′
L
=
T 2
8
(
g2X + yˆ
2
e
)
, γe′
L
∼ T
32pi
(
12g2X + yˆ
2
e
)
.(12)
Here we have ignored the contributions from the Yukawa
interactions involving the heavy crossing scalar σ. As an
example, we shall consider a quasi-degenerate neutrino
4spectrum, i.e. δyˆ2ν = yˆ
2
ν − y¯23 ≪ y¯21,2,3, and take 3g2R/4 +
g2X/4 + 3y¯
2
3/4 > yˆ
2
e/2. Under these assumptions, we can
perform
Ωl′
R
≃ Ω(0)l′
R
+ Ω
(1)
l′
R
, Ω
(0)
l′
R
≃ T
2
√
2
√
3
4
g2R +
1
4
g2X +
3
4
y¯23 ,
Ω
(1)
l′
R
≃ T
4
√
2
(
3
4U
∗δyˆ2νU
T + 12 yˆ
2
e
)
√
3
4g
2
R +
1
4g
2
X +
3
4 y¯
2
3
, Ωe′
L
=
T
2
√
2
√
g2X + yˆ
2
e ,
Ω0 =
Ω
(0)
l′
R
+Ωe′
L
2
, δp=−3Ω(1)l′
R
, ∆k= 3
(
Ω
(0)
l′
R
− Ωe′
L
)
,
γ¯ =
γl′
R
+ γe′
L
2
∼ T
64pi
(
9g2R + 18g
2
X +
3
4
y¯23
)
. (13)
When the perturbation condition 2Ωl′
R
,e′
L
> yˆev
′
1 is sat-
isfied, the reflection asymmetry ∆(ω) can be analytically
solved by [48]
∆(ω) = −iTr
[
(yˆev
′
1)
2, δp
]3
27 · 310γ¯9
[
1 +
(
ω − Ω0
γ¯
)2]−6
=
332
57
2 pi9y¯6τ y¯
6
3
[
1 +
(
ω−Ω
0
γ¯
)2]−6
(
3
4g
2
R +
1
4g
2
X +
3
4 y¯
2
3
)3
2
(
9g2R + 18g
2
X +
3
4 y¯
2
3
)9
(
v′1
T
)6
×
∏
i>j
e,µ,τ
(
m2i −m2j
m2τ
)∏
i>j
1,2,3
(
m2ν
i
−m2ν
j
m2ν
3
)
JCP , (14)
with JCP =
1
4 sin 2θ12 sin 2θ23 cos
2 θ13 sin θ13 sin δ.
Clearly, the above formula depends on the product
(m2ν
3
− m2ν
1
)(m2ν
3
− m2ν
2
) so that it will not be sensi-
tive to the normal or inverted hierarchy of the neutrino
mass matrix. For the known parameters ∆m221 = m
2
2 −
m21 = 7.37 × 10−5 eV2, ∆m231(∆m223) = m23 −m21(m22 −
m23) = 2.56(2.54)× 10−3 eV2, sin2 θ12 = 0.297, sin2 θ23 =
0.425(0.589), sin2 θ13 = 0.0215(0.0216), mτ = 1.78GeV,
mµ = 106MeV, me = 511 keV, mb = 4.17GeV, gR =
0.653, and gX = 0.428 [1], we can input f¯3 =
√
4pi,
y¯τ =
√
4pimτ/mb = 1.51 to obtain Ω0 ∼ 0.629T,
γ¯ ∼ 0.0824T, ∆k ∼ 2.86T. The perturbation condition
2Ωl′
R
,e′
L
> yˆev
′
1 then can constrain v
′
1/T . 0.675. We
eventually can estimate an upper bound on the mirror
baryon and lepton numbers,
nL′
s
=
nB′
s
∼ 1.3× 10−10 ×
( κ
20
)(cL
1
)( 0.1
vW
)
×
(
v′1/T
0.675
)6(
0.1 eV
mν
3
)6(
sin δ
0.01
)
. (15)
It should be noted that the result (15) is based on the
assumptions, δyˆ2ν = yˆ
2
ν − y¯23 ≪ y¯21,2,3, 3g2R/4 + g2X/4 +
3y¯23/4 > yˆ
2
e/2 and 2Ωl′
R
,e′
L
> yˆev
′
1. Clearly, this is quite a
rough estimation. For a more reliable result, it should be
necessary to do a numerical calculation. For simplicity
we do not study the numerical calculation here.
IV. ORDINARY BARYON NUMBER
The heavy crossing scalar σ will mediate the three-
body decays of a mirror charged fermion f ′ into an ordi-
nary fermion f and two dark matter scalars χ. The gauge
bosonW±R will mediate the three-body decays of one mir-
ror fermion into three mirror fermions. We require the
second and third generations of mirror charged fermions
can not efficiently decay into the ordinary fermions with
the dark matter scalar, instead, their decays will be domi-
nated by the gauge interactions. Furthermore, the decays
of the first-generation mirror charged fermions into their
ordinary partners with the dark matter scalar should go
into equilibrium before the BBN. These requirements can
be achieved by choosing the related masses and Yukawa
couplings.
In our model, the lepton number is explicitly broken by
the cubic couplings of the Higgs triplets to the Higgs dou-
blets. The Higgs triplets thus can acquire their seesaw-
suppressed VEVs. In consequence, the ordinary and mir-
ror neutrinos can independently obtain their Majorana
masses through the related Yukawa couplings. It should
be noted the mirror neutrinos have no mixing with the
ordinary neutrinos because of the unbroken Z4×Z4 sym-
metry. The mirror neutrinos can be allowed very light
if their decoupled temperatures are above the ordinary
QCD scale. The interactions for generating the Majo-
rana neutrino masses will lead to some lepton-number-
violating processes and will wash out any lepton num-
bers. These processes potentially can wash out any
baryon numbers when the baryon and lepton numbers are
connected by the sphaleron processes. Fortunately, the
lepton-number-violating interactions for generating the
desired neutrino masses can keep departure from equilib-
rium before the ordinary sphaleron processes stop work-
ing [44, 45].
We eventually can obtain a nonzero ordinary baryon
asymmetry B from the mirror baryon asymmetry B′
and/or the mirror lepton asymmetry L′ (B′ ≡ L′) in
the following ways:
• If the mirror quarks as well as the mirror leptons de-
cay into the ordinary fermions after the electroweak
phase transition, none of the mirror baryon and
lepton asymmetries will participate in the ordinary
sphaleron processes. The mirror baryon asymme-
try should be exactly equal to the ordinary baryon
asymmetry,
B = B′ = L′ . (16)
• if the mirror quarks rather than the mirror lep-
tons decay into the ordinary fermions before the
electroweak phase transition, all of the mirror
baryon asymmetry will participate in the ordinary
sphaleron processes. Thus the mirror baryon asym-
metry will be partially converted to the ordinary
5baryon asymmetry [57],
B =
28
79
B′ =
28
79
L′ . (17)
• if the mirror leptons rather than the mirror quarks
decay into the ordinary fermions before the elec-
troweak phase transition, all of the mirror lep-
ton asymmetry will participate in the ordinary
sphaleron processes. Thus the mirror lepton asym-
metry will be partially converted to the ordinary
baryon asymmetry [57],
B = B′ − 28
79
L′ =
51
79
L′ . (18)
• if either the mirror quarks or the mirror leptons
decay into the ordinary fermions during the elec-
troweak phase transition, a nonzero difference be-
tween the mirror baryon and lepton asymmetries
will participate in the ordinary sphalerons. Thus
the ordinary baryon asymmetry can be given by
[57]
Bq =
(
1− rq′
)
B′ +
28
79
(
rq′B
′ − rl′L′
)
=
(
1− 51
79
rq′ −
28
79
rl′
)
L′
with rq′,l′ ≤ 1 , rq′ 6= rl′ . (19)
V. CONCLUSION
In this paper we have demonstrated a novel scenario
for explaining the cosmic baryon asymmetry. In our sce-
nario, during a strongly first order phase transition of
the spontaneous left-right symmetry breaking, the CP-
violating reflections of the mirror fermions off the mirror
Higgs bubbles can generate a mirror lepton asymmetry
and an equal mirror baryon asymmetry. An ordinary
baryon asymmetry then can be induced by the three-
body decays of a mirror fermion into an ordinary fermion
and two dark matter scalars. Benefitted from a parity
symmetry for solving the strong CP problem, the cosmic
baryon asymmetry can be well described by the ordinary
lepton mass matrices up to an overall factor. In this
scenario, the Dirac CP phase in the Majorana neutrino
mass matrix provides a unique source for the required
CP violation. Our scenario thus can be ruled out in the
future if the Dirac CP phase has a too small value. Fur-
thermore, the Higgs triplet for type-II seesaw as well as
the first-generation mirror charged fermions are allowed
at the TeV scale so that they may be verified at the col-
liders such as the LHC [26, 43]. The dark matter scalar
can be connected to the TeV-scale Higgs triplet and/or
the SM Higgs scalar [46, 47].
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